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Abstract: The aim of this paper is the issue of a sustainable manufacturing process in the context
of woodworking by sanding, as one of the most important technological operations before its final
treatment, focusing on a selected pillar of sustainable manufacturing process, waste management.
The first step of the experiment was to optimize the pressures of the sanding means on the surface.

2 was chosen. The second level was to obtain the wear curves

The optimal pressure of 1.04 N-cm™
of the abrasive means with grain size 80 (evaluated by wood removal) and the optimal pressure in
dependence on the sanding direction (along and perpendicular to the wood fibres and in the direction
of 60° to the wood fibres) and different types of woods (beech, oak, alder, pine). The set parameters
were suitable for beech and were not suitable for alder and pine. By extending the operating life of
the sanding belts via appropriate choice of input factor settings it can be influenced metrics of pillar

waste management-savings of material and waste minimization.

Keywords: sustainable manufacturing process; wood sanding; various input factor; wear of sanding
means

1. Introduction

The wood sanding process is one of the technologies that significantly affects the
resulting quality of the wood surface, to which the quality of the product itself is related.
In particular, the sanding of wood and wood materials is aimed at achieving pre-sanding
(smoothing out roughness of functional surfaces of the workpiece), calibration (achieving
the same workpiece thickness), fine sanding (surface preparation before the application
of paints, increasing the adhesion of the coating), smoothing (polishing of the varnished
surface), or improving the aesthetic look of the treated surface [1-3]. In terms of the
final effect, it is a technology that will also affect the number of coatings applied, the
operational life of the surface film, etc., as sanding is the last processing operation before
the surface-finishing treatment.

Sanding, as a technology, is also interesting from the viewpoint of the tool used,
which is not sharpened and thus, after wearing (blunting), must be replaced. Thus, a large
amount of the abrasives themselves is consumed and, therefore, sanding is classified as a
time-consuming and costly operation [2,4-11].

The wood-sanding process, also according to this brief description, is very complicated
and needs to be examined from different points of view, one of them being the sustainability
of the manufacturing process. In our production facilities, due attention is not paid
to the issue of a sustainable manufacturing process and the upper management of the
companies does not often consider its solution as urgent because, in society, the view
remains that it is an issue that primarily affects the environment [12,13]. Of course, the
concept of sustainable development or sustainability is a notion that was defined in the
1970s in relation to environmental issues. In 1992, the UN Conference on Environment
and Development (called the Earth Summit) brought a new approach to the problem of
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sustainable development, which focuses more comprehensively on sustainability issues, not
just in terms of environmental but also economic and social issues. However, only in 2015,
the UN developed, within the 2030 Agenda, the “Transformation of our world” programme:
Sustainable Development Agenda 2030, which includes the first and separate objective No.
12: “Sustainable consumption and production”. “Sustainable production” is identified and
analysed at three main levels, namely, at the level of products, processes, and systems. The
interaction between these levels provides the objective of sustainability [14,15].

2. Theoretical Analysis

This contribution deals with a sustainable manufacturing process that is based on six
pillars (manufacturing cost, energy consumption, waste management, operational safety,
personal health, environmental impact), with measurable results that must be examined
at all inputs and all outputs of the manufacturing process to achieve a sustainability
objective [16].

In the machining process, we proceeded according to the scheme [17], where, through
the examination of all inputs and outputs, the resulting product quality and the minimum
consumption of energy and other input materials, with a minimal impact on the working
and outside environment, it was possible to optimize a specific machining process and
thus meet sustainability targets. This examination is necessary to perform for all machinery
throughout the production cycle.

The aim of the presented contribution is to evaluate the process of wood machining
by sanding in terms of sustainable manufacturing processes (i.e., by recapitulating the
experimental results obtained so far) and how the choice of selected parameters at the input
level within the wood sanding process with the hand-belt sanding machine will affect the
output in terms of tool wear, i.e., a pillar of a sustainable manufacturing process—waste
management—where the measurable outputs include, e.g., waste minimization, saving
materials, reusing waste materials, the amount of consumables replaced, etc.

In the presented contribution, not all input and output factors are analysed, but only
those (Figure 1) which were and are the subject of our long-term research interest. However,
as an example, they are sufficient to point out the high importance of such an analysis (in
production operations themselves) because they significantly affect sustainability pillars
and their specific measurable outputs.

Sanding direction Hand belt
Pressure sander
Finished products
Natural wood
beech, oak, alder, pine [ Chip
Sanding belts - Sanding ——— Sanding belts wear
Power supply L Other emissions
(dust, noise)

Attachments Labour

Figure 1. Example of the machining process from the perspective of sustainable manufacturing.

2.1. Brief Characteristics of Factors on Input
2.1.1. Processing Parameters—Sanding Direction

The structure of the wood and the anisotropy of its properties also affect the way
that fibres are cut. According to [1], sanding the wood in a direction perpendicular to the
fibres removes the roughness of the surface intensively. The wood fibres on the surface
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are broken and divided to countless short fibres, and there is a problem when removing
them from the sanding surface with such a direction of sanding. When the sanding is
done only in the longitudinal direction, the sanding is not so intensive; the long chips of
the fibrous shape are produced, twisting between the sanding belt and the wood, which
subsequently prevents the intense touch of the belt with a sanded surface. Such chips
also very easily clog the sanding means. When sanding in the longitudinal direction, the
separation of fibrous wood surface elements is not perfect; they are partially removed and
partially pressed into cell cavities. As the so-called “cross-sanding” is used in practice,
hence alternating the sanding along the fibres and perpendicular to the fibres, one of the
factors of the research performed was also this parameter [2].

2.1.2. Processing Parameters—The Pressure of the Sanding Means to the Surface of the
Workpiece

In order to obtain the expected parameters of the workpiece surface before coating, it
is important to obtain a smooth surface that is achieved by using a high-quality sanding
means with a corresponding granularity as well as the pressure of the sanding tool to
the surface of the workpiece. If the pressure is insufficient when sanding hardwood,
the sanding belt may not take any chips, and if the pressure is too high, it will cause a
high load on the sanding belt, causing it to degrade rapidly and it must, therefore, be
replaced [10,18-20]. When softwood is sanded under high pressure, a large amount of
chips will form immediately from the start of the sanding tool, which quickly fill the space
between the grains and clog their spikes, and the sanding tools gradually lose cutting
efficiency [21].

2.1.3. Raw (Machined) Material—Natural Wood (Beech, Oak, Alder, Pine)

When sanding wood, it is necessary to consider the different physical-mechanical
properties of wood, which depend on its structure, density, the width of its growth rings,
the proportion of summer wood with a significantly higher density than spring wood,
especially in coniferous trees, its moisture, resin content, etc., and the anisotropy of these
properties in wood volume depend on direction [22-24].

In terms of sanding, soft woods are sanded significantly worse than hardwood, and
therefore, with the same factors, the smoothness of the hardwood surface is higher than the
softwood surface (springing of the material and cut fibres). Resin, which is part of some
coniferous woods, plays a negative role in the sanding process because, along with sanding
dust and chips, it rapidly clogs the sanding belt, compared to wood that does not contain
resin [3,25]. Moisture from wood reduces the efficiency of sanding, that is, the amount of
material removed per unit of time from a particular surface [26].

2.1.4. Cutting Tools—Sanding Belts

The sanding means is the agglomerate of many small, individually allocated wedges
of various irregular shapes, called sanding grains, which carve macro-particles from the
wood—a wooden dust. The cutting wedges of the sanding tool are mostly of negative
rake angles that cannot be sharpened, and after blunting, the sanding means must be
taken out of operation. The basic characteristics of the sanding means are the underlying
material, bonding material, type of abrasive, graininess (the size of the base fraction of
the sanding grains), type of spreading (mechanical or in an electrostatic field)—open,
semi-opened, or dense—antistatic treatment, and proper storage of the sanding means.
The quality of the sanding means is characterized by the maximum total wood removal
and working time while maintaining the economy of sanding—the quality of the surface
obtained [2,10,24,26,27].
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2.2. Characteristics of the Output Factors
Used Cutting Tools—Sanding Belts Wear

The wear (dulling) of the sanding means is specific because it is not a classic tool
with a precisely defined angular geometry, where the cutting wedge can be sharpened
after the cutting edges are dulled. This mechanism does not apply to sanding; instead, the
dulling of the tool or self-sharpening is applied. The dulling occurs due to the breaking of
inappropriately oriented grains, rounding, and clogging with deformed chips particles,
so that the sanding tool gradually loses its cutting efficiency. Self-sharpening occurs due
to the breaking of parts of the grain or whole grains from the bonding material. After
disintegration of the grain from the bonding material or breaking of the grain portion,
new grains start to work, so the working surface of the tool is constantly renewed, which
represents a specific property of the sanding tools. This process ends when the pressure
force that is already operating on a grain is not sufficient for further breaches of the grains,
and the grain is smoothed and loses resistance. The cutting process then changes to friction
sliding between the tool and the workpiece, and the operational life of the sanding means
ends and must be removed from the operation [28].

With sanding means, where the wear values of individual sanding grain surfaces are
virtually immeasurable, the decrease in the amount of wood removal over time is used for
a description of the wear of the sanding means (sanding efficiency). This dependence is
called the wear curve of the sanding means and has three characteristic phases—initial
sharpness, work sharpness, and dulling of the sanding belt [2,4,9].

The efficiency of the sanding means is most often expressed by the amount of wood
removal in grams per minute from an area of 1 cm? of wood (g~cm_20min_1)—specifically,
wood removal.

The sanding performance is influenced mainly by the shape of the sanding means
(belt, roller, disc), its grain size, hardness, the type of abrasive, the type of wood, the force
of the pressure of the sanding means on the wood, and the direction of the fibres to the
cutting speed vector [2,10,29-32].

With classic tools, the time for which the tool works until its wear (dulling) is called
the operational life of the tool. A dulled tool may be sharpened. The sum of the tool’s
operational life until its full decommissioning is called the tool life.

With a sanding tool that cannot be re-sharpened, the operational life and tool life can
be matched. The operational life of the sanding means, according to [33], can be defined as
the time until the wood removal value is reduced to <0.05 g-cm~2-min~'. The tool life is
the time for which the sanding means is able to sand off the maximum amount of wood
material in grams or kilograms while maintaining the economy of machining (given by the
value of the wood removal).

3. Materials and Methods

We will only briefly introduce the methodology of individual experiments with refer-
ence to the literature, with an accurate description [2,9,27,34].

3.1. Machined Material—Experimental Samples

For the experiments, samples were prepared according to Figure 2.



Coatings 2021, 11, 1463

50f 14

sunding direction

504
-

sanding direction 0°, 90° sanding direction 60°

Figure 2. Preparation of samples.

The samples were cut to dimensions of 50 x 50 x 50 mm?, so that the vector of

the cutting speed and the direction of the wood fibres had an angle of 0°, 60°, or 90°.
Before sanding, the samples were conditioned to a moisture content of 12%. Sufficient
samples have been prepared for each variant, and also for each wood type. Approximately
150 samples were prepared for each type of wood, sanding direction, and for each of the
3 cycles. The samples were divided into 2 groups: test (control) samples without visible
defects (about 30 pieces) and other samples (120 pieces). The samples for the experiments
were selected according to the different physical-mechanical properties of the wood, as
well as the economically exploited woods:

Red beech (Fagus sylvatica)—deciduous wood with scattered pores, hard, of moderate
weight, with a density of 684 kg-m~3; European alder (Alnus glutinosa)—scattered decid-
uous porous wood, light and soft with a density of 528 kg-m~2; Common oak (Quercus
robur)—deciduous wood with rings, hard and heavy with a density of 744 kg-m~3; Euro-
pean red pine (Pinus sylvestris)—coniferous wood containing resin. This wood is light, with
a density of 550 kg-m 3.

3.2. The Pressure of Sanding Means to the Surface of Workpiece
Pressures selected for the experiments: 0.66, 1.04, 1.47, and 1.86 N-cm—2.

3.3. Tools

Klingspor LS 309 XH (KLINGSPOR, Haiger, Germany) endless sanding belts were
used for the experiment, with the following input characteristics: sanding belt size—
100 x 610 mm?; grain size—80; abrasives—artificial corundum (aluminium oxide); bond-
ing material—artificial resin; underlying material—cotton fabric, heavy; spreading—dense.
For each variant of sanding, sharp sanding belts were used.

Before being used in the tests, the sanding belts were always conditioned at 20 °C and
65% relative humidity; 24 h before the experiment began, the test belts were stored in the
room where the experiment was to be carried out.

3.4. Equipment

Experimental equipment: Stand for wood sanding—Bosch GBS 100 AE hand belt
sander (Robert Bosch GmbH, Gerlingen, Germany), cutting speed 7.8 m-s~!, designed for
monitoring of contact phenomena [35].

3.5. Measurement of Wear for the Sanding Means

For the experiments, samples of each wood were assigned to 2 groups. Testing samples
have about the same number of growth rings in the frontal cut, and approximately the
same weight contained a minimum of visible wood defects. The second group consisted of
all other samples that were sanded between the test samples. All samples were weighed
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using Radwag WPS 510/C/2 digital laboratory balances (Radwag Balances and Scales,
Radom, Poland) with a precision of 0.001 g, and dimensions of the test samples were
measured with a digital caliper (Lutron, Coopersburg, PA, USA), model DC-515. The
samples prepared in this way were prepared for the chosen sanding directions—0°, 60°,
or 90°, and for the chosen woods. The sanding time was set for 480 min (approximately 1
work shift). The grain size of the sanding belts was 80. The measurements of the efficiency
of the sanding means (wear) were made every 20 min, with 3 control samples that were
sanded for 1 min (more sets were prepared). The weight of the samples before and after
sanding was recalculated for a specific wood removal. These averaged values were the
basis for determining the wear of the sanding means.

Between the testing measurements, other samples (3—4 pieces) were sanded, which
were weighed at the beginning of sanding and after the sanding to a minimum value
(clamping of the fixture). These values were the basis for determining the overall amount
of material wood removal, that is, the operational lifetime of the sanding means [2,27].

4. Results and Discussion
4.1. Adjust the Uniform Pressure

On the basis of much research, it is known that the efficiency of the sanding means (the
amount of wood removal) is substantially affected by the pressure of the sanding means
applied to the workpiece surface. On the basis of the experiments that were carried out,
these results can be confirmed. However, in order to compare the results of sanding belt
wear for all selected woods and sanding directions, a suitable uniform pressure needs to be
found. To adjust the uniform pressure, the so-called “easily” sanded wood, with scattered
pores of beech, and the so-called “heavy” sanded wood, with ringed pores of oak, were
chosen. The results are shown in Figure 3 [27]. The matrix of the experiment is uneven
in terms of paired pressure values for both sanded woods due to the fact that, during
oak sanding, the sanding belt was broken at a pressure of 1.86 N-cm~?2, and therefore, the
matrix was supplemented with a pressure value of 0.66 N-cm~?2 for oak.

Sanding direction 60°

—e—0Oak 0.66 N-cm™2 —=—0ak 1.04 N-cm™2 —=—Oak 1.47 N-cm2

—+— Beech 1.04 N-cm2 —&— Beech 1.47 N-cm? —:—Beech 1.86 N-cm2 }»

Wood removal [g-cm2-min-1]

0 40 80 120 160 200 240 280 320 360 400 440 480

Sand belt running time [min]

Figure 3. Optimization of the pressure for beech and oak.

For beech, the wear curves were obtained at a monitored time of 480 min for pressure
values of 1.04 and 1.47 N-cm~2. For a pressure value of 1.86 N-cm ™2, the wear curve was
obtained for a period of 420 min.

In terms of specific wood removal, the pressure values of 1.47 N-cm 2 and 1.86 N-cm 2
are approximately the same, while at a pressure of 1.04 N-cm~?2, the value of wood removal
is lower.
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Since the pressure of 1.86 N-cm~2 did not significantly affect the efficiency of the
sanding means (the amount of wood removal), it is excessively high, and also the working
time of the sanding means is shorter, as the belt has been disrupted, which is the result of an
already-unacceptable load on the sanding means [18-20]. These results can be confirmed
by other research [21], (influence of the sanding means’ pressure impact on the cutting force
per unit of the cut surface) where, for most wood, the value of the cutting force increases
with a growing pressure of the sanding means on the surface of the workpiece.

When sanding beech, even the lowest pressure of 1.04 N-cm~2 was not suitable
because the quality of the sanding means was given by the maximum wood removal,
and in the given case, the wood removal reached lower values than at the pressure of
1.47 N-cm~2. Thus, the sanding belt capacity was not utilized sufficiently. From the point of
view of the sanded surface, the thickness needed with the selected pressure of 1.04 N-cm 2
has not been removed and the workpiece should be subjected to repeated sanding (energy
costs and time are increased).

In conclusion, it can be stated that when sanding beech wood, the pressure of
1.47 N-cm~?2 is more suitable, whether from the point of view of efficiency or work time, but
the interesting finding is that the minimum wood removal value of <0.05 g-cm 2 min~!
was not reached with any pressure (which signals already-sufficient wear, or the dulling of
the sanding means) [33]. At a pressure of 1.04, as well as 1.47 N-cm ™2, sanding belts are
able to continue to work for a longer time than the set-up time of 480 min [27].

For oak wood, after repeated attempts, the pressure of 1.47 N-cm~2 was shown to be
too high, and the sanding belts were disrupted after a relatively short work time of about
80 min. However, their efficiency at the beginning of the sanding was similar to that of the
beech wood, within the sharpness of the initial phase.

At a pressure of 1.04 N-cm 2, the wear curve of the sanding means was obtained through-
out the monitored interval, but its efficiency gradually decreased to <0.05 g-cm~2-min~!, with
an operating time of ca. 280-300 min, which, according to [33], reflects the time when the
operational life of the sanding means ends or the sanding is not economical. To obtain
a higher efficiency of the sanding means and extend their durability or operational life,
the pressure of 0.66 N-cm~2 was chosen, but after the first 40 min of the sanding means’
work, the value of wood removal dropped to <0.05 g-cm~2-min~!; i.e., the sanding belt
did not remove any or minimal chips, friction between the sanding and the surface of
the workpiece appeared, and the belt was interrupted after 240 min. These results are
confirmed by [10,18-20]. According to [10], there was no consistent and predictable relation
between the MRR (material removal rate) and the pressure.

When confronting these long-term experiments results with, the results of [21] for
the short-term experiments, where, for oak wood, it was also suitable to have a pressure
of 1.86 N-cm ™2 or even 2.06 N-cm 2, it is necessary to emphasize the need for long-term
experiments, because short-term experiments (typical also for practice in order to obtain
indicative values) do not always provide unambiguous information about the suitability of
setting the input parameters.

Based on the experiments that were carried out, a pressure of 1.04 N-cm™ was chosen
to obtain the wear curves of the selected wood and the mutual comparison of their efficiency
(Figures 4-6) [34]. The design of the experiment was based on the scheme in Figure 1. For
the designed experiment, we took into account the following boundary conditions:

2
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Sanding direction 0°

0.6

0.5 ¢

Wood removal [g-cm2min-1]

0 ‘

—+—beech —

—=—oak

—&—alder

0 40 80 120 160 200 240 280 320 360 400 440

Sand belt running time [min]

480

Figure 4. Wear curves for the sanding direction along the wood fibres at 0°—wood removal depended

on the sand belt running time.

Sanding direction 60°

Wood removal [g-cm2min]

—e—beech

Sand belt running time [min]

0 40 80 120 160 200 240 280 320 360 400 440

Figure 5. The wear curves for the sanding direction of 60° to the wood fibres—wood removal

depended on the sand belt running time.

Sanding direction 90°

0.9

0.7
06 -

Wood removal [g-cm2-min-']

—+—beech
——=—oak
—&—alder

—8—pine

0 40 80 120 160 200 240 280 320 360 400 440

Sand belt running time [min]

Figure 6. The wear curves for the sanding direction perpendicular to wood fibres—wood removal

depended on the sand belt running time.
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Process parameters:

Tool—a sanding belt with a grain size of 80; basic grain for the first stage of sanding;
dense spreading;

Cutting speed—7.8 m-s~!; the average value of possible settings was given by the
manufacturer;

Pressure force—1.04 N-cm~?2; final value was based on input experiments to set a
uniform pressure.

Material parameters:

Sanded wood—beech, oak, alder, and pine, which are types of economically exploited
wood in Slovakia;

Humidity—=12% of the usual humidity of construction joinery products;

Cutting models—0°, 60°, or 90°, with respect to the coverage of cutting models during
sanding.

4.2. Sanding Direction along the Wood Fibres

The wood removal values are different for the chosen woods, but in particular, the
time of work for the sanding means varies. For all wood (excluding oak), the course of
wear is marked by a large decrease in wood removal in the first 20 min, or the initial
sharpness phase. In the sharpness phase of the work, the wood removal values for all
types of wood are comparable. Soft and lightweight wood (alder, pine), when sanding
along the fibres, produces a lot of chips, long chips that quickly fill the inter-chip space
and the load on the sanding means increases. Therefore, they are disrupted rapidly—for
the alder after 80 min, and for the pine after 120 min—and the presence of resin is also a
negative factor [4]. The increased material removal rate inevitably resulted in an increase in
temperature. This could overload the sanding belt and reduce its useful time, consequently
breaking it [18,20].

For beech wood, the value of wood removal is balanced until the replacement of the
sanding means at work (i.e., when they break), which is 320 min. Since the value of wood
removal has not fallen below <0.05 g~cm_2-min_1, it can be concluded that even when
sanding the easy-to-sand beech wood in a longitudinal direction, the conditions of the
work of the sanding means are difficult.

With oak, we can see the lower wood removal values compared to beech wood, with a
continuous decrease in the amount of wood removal until the end of the monitored interval
of 480 min from 0.25 g-cm~2-min !, up to the value of <0.05 g-cm~2-min~!. Sanding at
the end of the test interval (after 400 min) is not effective and the sanding belt should be
exchanged.

4.3. Sanding in 60° Direction to the Wood Fibres

Based on the obtained results, we assume that the machining conditions with this
direction of sanding, whether the fibres are pruned, and the deposits and removals of the
dust from the inter-chip space are less demanding for all selected woods in comparison to
sanding along the fibres, which has been reflected mainly in the extension of the working
time of the sanding means and also by higher wood removal values. Deciduous wood
with scattered pores (beech, alder) achieves very high wood removal values throughout
the obtained working interval of the sanding means: 400 min for alder and 480 min for
beech. After the first 20 min of a very sharp decline of the wood removal (the initial
sharpness phase), the phase of the work sharpness with a balanced value of the wood
removal follows. When sanding the beech wood, the sanding belt would be able to work
even after 480 min, because its wood removal value has not fallen below the specified value
of <0.05 g-cm~2-min~!. When sanding oak wood, from the perspective of the minimal
wood removal criterion, the operational life of the sanding means is shorter (compared
to the working time of 480 min), about 280-300 min, with the value of the wood removal
decreasing to zero, which corresponds to the dulling phase of the sanding means. For
pine wood, the working time of the sanding means reached only 160 min, which could be
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caused by a very high value of wood removal in the initial phase, in combination with the
presence of a resin in the pine wood.

4.4. Sanding in a Perpendicular Direction to the Wood Fibres

The shortest sanding means working interval of 140 min was obtained when sanding
the alder wood, where enormous wood removal values were observed in the initial phase
of sharpness, which probably filled the space between the grains; with the further activity
of the belt, the working conditions became more difficult until the belt broke [18,20]. Again,
the beech wood proved to be a well-sanded wood, with a high wood removal value and a
working time of 460 min. For oak and pine wood, similar wear curves were obtained, with
a minimum wood removal value in the sharpness phase of the work, which, after about
240 min, was only about <0.09 g-cm~2-min~!. The working times of the sanding means
were 480 min for pine wood and 380 min for oak wood.

4.5. Total Wood Remouval

Efficiency of the sanding means is defined by the overall wood removal volume (in
grams for the carried-out experiment). Although sharp sanding belts have been used
for all variants in the experiment, with the same input characteristics and from the same
manufacturer, the overall wood removal values were very different (beech and oak). The
total wood removal value for beech wood was approximately twice as high as for oak wood
(for example, for the sanding direction 60°; Figure 7). Thus, in terms of overall performance,
the wood that must be sanded plays a significant role [34]. This is in agreement with the
results of [36], who emphasized that, for the optimum performance of the sanding belt, the
various sanding parameters should be considered as a function of the wood species [27].

Sanding direction 60°

——beech
4000

—=—oak

3500 - |

3000 -
2500 -
2000 -

1500 | h

Total wood removal[g]

1000 -

500 -

0 T T T T T T T T T T T
0 40 80 120 160 200 240 280 320 360 400 440 480

Sand belt running time [min]

Figure 7. Total wood removal of the sanding means for beech and oak, sanding direction of 60° to
the wood fibres.

Although these results were obtained from laboratory experiments and do not com-
pletely copy the practice, they indicate the high importance of such an analysis.

Tool wear is most often assessed at two levels, from the point of view of the criterion
of optimal dulling of the tool or from the point of view of the technological criterion, which
is the quality of the obtained surface. In the presented article, we used the criterion for the
blunting of the sanding belt stated by the value of specific wood removal. In our opinion,
only specific wood removal has significant informative value, as it affects all aspects of
wear of the sanding belt (wear of the cutting edges of the grains, loss of the sanding grains,
and clogging of the sanding belt). Even in real practice, the individual decides to change
the sanding belt when it stops sanding and does not remove material.
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The evaluation of our experiments is in terms of specific wood removal and in terms

of the working time (life) of the individual sanding belt for the set boundary conditions.

Set boundary conditions:

Appears to be the most suitable for beech wood, both in terms of specific wood removal
value and its balanced value within the whole phase of the working sharpness of the
sanding belt, but also the working time or durability (the life) of the sanding belt;
Less suitable for oak, where the specific wood removal value decreases to a minimum
within the working sharpness phase, and thus the sanding belt wear occurs earlier
than the working time of the sanding belt;

For alder and pine woods, the set boundary conditions are unsatisfactory, especially
in terms of the working time of the sanding belts, when the sanding belt would have
to be replaced several times within the monitored interval.

On the basis of these experiments, it can be clearly confirmed, from the perspective of

the sustainable manufacturing process, that:

Different woods sand differently in terms of efficiency—the wood removal value—but
also in terms of the working time of the sanding means. An important role here is
played by the macroscopic structure of wood, the physical (especially density) and
mechanical properties of wood and their anisotropy, the chemical composition (content
of extractives, e.g., high in oak, or resin in coniferous wood), and the microscopic and
sub-microscopic structure (proportion of thick-walled fibrous elements, e.g., oak) of
the wood;

The pressure of the sanding means on the surface of the workpiece is to be assessed
in terms of the type of sanded wood, the direction of sanding, the final technology
for which the sanding is implemented (because it significantly affects the immediate
efficiency of the sanding means), the maximum capacity of the sanding means, the
wear itself (durability), and the service life of the sanding means;

Short-term experiments that copy only the first phase of the wear of the sanding
means—the phase of the initial sharpness—do not give unambiguous answers to
the suitability of the input factors adjustment. Different pressure values suited the
work of the sanding means in the initial sharpness phase, but did not satisfy in the
phase of working sharpness, and the belts were either disrupted from overload or
their efficiency was not used to the maximum, as evidenced by long-term experiments
(selected work time: 480 min);

Selecting one type of sanding means (spreading) for all wood types is not appropriate
since soft wood with scattered pores has a high wood removal value in the initial
sharpness phase, but quickly fills the space between the grains, and the load of the
sanding means increases rapidly and the sanding means are disrupted. Certainly,
it would be appropriate to select a belt with another form of a spreading, e.g., with
open or semi-opened spreading, since the greater the gaps among the abrasive grains,
the greater the space for chip removal, so that the chip does not crumble and does
not significantly clog the spaces between the abrasive grains, compared to the dense
spreading;

For the sanding of coniferous wood containing resin, it is necessary to use belts with
an antistatic treatment, but also belts with another form of spreading, since the fibrous
cellular elements of coniferous trees, contrary to deciduous trees, are longer, and thus
the particles are engraved in the surface of the wood, especially when sanding along
the fibres is longer and, in combination with resin, quickly fills the space between the
grains, reducing the ability to remove the chips and rapidly increasing the load on the
sanding means, resulting in the replacement of the belt from the operation;

We prefer the selection of quality sanding means, despite higher input costs, but with
a higher immediate efficiency and maximum capacity of the sanding means, and, in
particular, with a higher durability, or operational life, of the sanding means.
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5. Conclusions

The results of the presented article answer two important levels of experimentation.
The first level concerns the optimization of the pressure of the sanding belt on the surface
of the sample to prolong its life. The value of 1.04 N-cm~2 seems to be the most suitable
for our other boundary conditions.

The second level presents the results of the wear of the sanding belt with the selected
optimal pressure and the boundary conditions, which appear to be the most suitable for
beech and the least suitable for alder and pine.

These results point to variability within different materials with specific properties
(especially wood), such as different anatomical structures, different chemical compositions
of the wood, and variability of the cutting models, which must be thoroughly evaluated
within each operation.

In practice, everyone knows what wood is the most frequently processed in his/her
operation, and it is necessary to make preliminary measurements because it can also
significantly affect the efficiency of the sanding means, or their durability, but also their
operational life and, thus, the time when the sanding belt should be removed from the
operation.

In terms of a sustainable manufacturing process within the context of wood sanding,
this contribution points to one pillar—waste management—where the metrics are savings
of materials, waste minimization, number of consumables discarded, and what the authors
have materialized by extending the operating life of the sanding belts via the appropriate
choice of input factor settings. It can also be concluded that another pillar of the sustainable
manufacturing process was also affected—energy consumption—which is also related to
the production costs themselves.
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